We investigated the temporal behavior of alignment and orientation of LiH following a femtosecond laser pulse excitation comprising two fields at center frequencies ω and 2ω (e.g., E(t) = E[cos(ωt) + cos(2ωt + )]) shifted by a phase . The effects of repopulations and rephasing of rotational states on the resulting alignment and orientation were evaluated. The population distribution of rotational states is only changed during the exciting pulse. Afterwards the established rotational state distribution is maintained in the absence of collisions. The phases of rotational states play the most crucial role in determining the time evolution of molecular alignment and orientation. Equal alignment and rotational populations are obtained when the phases are chosen = 0 and = π . However, orientation is different due to the fact that in the case = π the mutual phases of even rotation states are not changed but the phases of odd rotational states are shifted by π , comparing with that of = 0. The effect of temperature on molecular orientation was also addressed. It was shown that an efficient field-free molecular orientation can be observed even at room temperature.
I. INTRODUCTION
Laser-induced molecular alignment of small molecules in the gas phase is now routinely applied as femtosecond pumpprobe technique [1] [2] [3] used for revealing molecular structures [4] , controlling and tracing chemical reactions [5] [6] [7] , generating high-order harmonics [8] , and measuring ultrashort laser pulses [9] . However, laser-induced molecular orientation [10] and its periodic revival in the field-free time following a laser pulse excitation is a challenging topic and much less studied experimentally.
Several methods have been proposed to realize molecular orientation, including a strong dc field (e.g., a hexapole field [11] and a strong static electric field [12] ), an intense laser field combined with a weak dc field [13] , or an asymmetric laser field (that is, the electric field is not symmetric with respect to the time axis, e.g., a THz few-cycle laser field [14] [15] [16] or a half-cycle laser field [17] [18] [19] [20] [21] ), and some arrangements have been experimentally demonstrated [22] [23] [24] [25] [26] . Among the above-mentioned techniques, the one using a strong dc field only works if the investigated molecule exhibits a permanent dipole. The one using an intense laser field combined with a weak dc field or an asymmetric laser field are based on the polarizability and hyperpolarizability interaction and works even in the absence of a permanent dipole. In a two-color laser field [27] [28] [29] [30] the interaction with a permanent dipole averages out and can be neglected. The observed molecular orientation is then due to the molecular polarizability and hyperpolarizability. The use of two-color fields has been proven to be one of the most versatile methods for molecular orientation and the molecular orientation can be achieved in both nonadiabatic and adiabatic regimes, i.e., with field interaction times shorter or longer than the rotational period, respectively. Especially, the nonadiabatic * qinch@hotmail.com † yuzhu.liu@gmail.com molecular orientation can be used to produce the field-free oriented molecules, and so it is desirable for applications in which subsequent interactions with a molecular system are to be investigated. The phase is an important parameter characterizing the electric structure of the femtosecond twocolor laser pulse. However, more study is needed on the effect of phase on the population and phase of rotational states in field-free molecular alignment and orientation.
In this paper, we investigate theoretically the phasedependent effect of initial excitation on the reviving of field-free molecular alignment and orientation following a femtosecond two-color laser pulse in detail, taking a LiH diatomic molecule exhibiting a large molecular permanent dipole and second-order hyperpolarizability as an example. Firstly, we study the dependence of field-free molecular alignment and orientation on the phase of the femtosecond two-color laser pulse. Next, we investigate the populations and phases of rotational states and their effects on molecular alignment and orientation depending on the phase . Finally, we discuss the effect of rotational temperature on molecular alignment and orientation.
II. THEORETICAL METHODS
We consider the control of a linear molecule by use of a nonresonant femtosecond two-color linearly polarized laser pulse given by
where ω is the carrier wave frequency, E 0 is the field amplitude, τ is the pulse duration of the laser pulse, and is the phase, which determines the electric field structure of the laser pulse. When a linear molecule is exposed to the field E(t) defined in Eq. (1), the time-dependent Schrödinger equation can be expressed as [31] 
witĥ
where B is the rotational constant,Ĵ 2 denotes the squared angular momentum operator, μ is the permanent dipole moment, θ is the angle between the molecular axis and the laser polarization, α || and α ⊥ are the polarizability components parallel and perpendicular to the molecular axis, and β || and β ⊥ are the second-order hyperpolarizability components parallel and perpendicular to the molecular axis.
We expand the rotational wave function using the finite basis set of |J,M , which is a set of the eigenfunctions of a rigid rotor in a field-free space. The polarization axis of the laser pulse is defined as the laboratory-fixed Z axis about which the Hamiltonian is cylindrically symmetric. Accordingly, the magnetic quantum number M is conserved, that is, M = 0, and the wave function is expressed as
J max is set at the value that far exceeds the highest rotational states excited by the femtosecond laser pulse. In the simulation, the time-dependent Schrödinger equation is numerically solved by the split-operator method [32] [33] [34] [35] . Once the wave function |ψ(t) is known, the expansion coefficients can be calculated from
where the expansion coefficients c J ,M (t) are complex in general and both their moduli and phases, corresponding to the populations and phases of rotational states J , vary during the interaction with the laser. The corresponding molecular alignment and orientation dynamics are estimated from the obtained wave function as follows:
where n = 1 for orientation and n = 2 for alignment.
III. RESULTS AND DISCUSSION
In our calculation, the grid number is N θ = 50, time step is δt = 0.01 fs, and all the calculations converge correctly. The relevant parameters for the femtosecond two-color laser pulse are τ = 100 fs, λ ω = 800 nm, λ 2ω = 400 nm, and I = 5.0 × 10 13 W/cm 2 . The molecular parameters of LiH are μ = 1.958 × 10 [36, 37] . The rotational constant of LiH in its vibronic ground state is B = 7.513 cm −1 . Because the 800 nm and 400 nm are nonresonant to electronic states for LiH, it is hard to excite the molecules to highly excited states like the repulsive states leading to dissociation [38] , as shown in Fig. 1 . orientation with impressive values of cos 2 θ max = 0.805 and cos θ max = 0.881, respectively, are obtained after the field-molecule interaction and at revival instances with a period of T rot = 2.219 ps. The molecular alignment reaches the maximum at the same time as the positive orientation value. A polar plot of angular distributions of a coherent superposition of rotational states at times denoted A-H in Figs. 2(a) and 2(b) are depicted in Fig. 2(c) and gives further insight into the time evolution of molecular axes. The laser pulse causes rotational excitations; thus the angular momentum of LiH changes in the presence of the electric field, while M = 0. Accordingly, this excitation brings the molecules from a completely isotropic angular distribution to a more aligned and oriented configuration. At A, the molecules are distributed isotropically. At B and E, optimal molecular alignment and orientation are reached together 49fs after the peak intensity of the laser field. At C and F, molecular orientation reaches a minimum with cos θ = −0.216 and the molecular alignment cos 2 θ = 0.509. At D and G, the molecules are antialigned cos 2 θ = 0.196 and cos θ = −0.078. Thus, the angular distributions run through a variety of spatial asymmetries with periodic revival, indicating that the rotational wave packet evolves freely after the laser pulse is over. In the simulations, cos θ max > 0 corresponds to the case when Li atoms are directed in the positive direction of the laboratory-fixed Z axis, (i.e., the positive direction of the electric field). The minimal value, which corresponds to the orientation directed in the negative direction, is estimated to be cos θ min = −0.216. Thus, the orientation dynamics is asymmetric. In addition, we also calculate the single contributions of the permanent dipole moment, the molecular anisotropic polarizability, and the molecular hyperpolarizability interacting with the laser field, respectively. We find that the effects of the hyperpolarizability interaction are the main driving forces in molecular alignment and orientation, and the contribution of the polarizability interaction cannot be neglected. In contrast, for the case of the THz few-cycle field, the main contribution is the permanent dipole moment interaction [15] .
The molecular alignment and orientation exhibits a dependence on the phase between the two components of the twocolor laser pulse. Figure 3(a) shows the field-free orientation of LiH as a function of the phase at temperature T = 0 K. Different phases lead to different degrees of asymmetry between the positive and negative maximum orientation, as shown in Fig. 3(b) . It is interesting to note that there exists an exact relation cos θ max | = 0 = − cos θ min | =π± 0 .
It implies that the direction of orientation can be controlled by changing phase by π , which can be established by finetuning the delay time between the two laser field components, as demonstrated in the experiment [39] . Alternatively, the phase shift can be determined by observing the change in the direction of orientation. It should be pointed out that direct measurement of the phase between the 800-and 400-nm laser pulse is a real challenge. The dependence of field-free orientation on the phase opens a way to determine the phase of femtosecond two-color laser pulse. To gain more insights into the effects of on molecular alignment and orientation at the rotational temperature 0 K, we show the field-free molecular alignment and orientation for the case of = 0.5π in Figs. 4(a) and 4(b) , respectively. In this case, molecular orientation does not establish and the time evolution of molecular alignment exhibits a less oscillatory time evolution and the duration of alignment for cos 2 θ > 0.5 is larger, comparing the results that are shown in Fig. 2 . In contrast, it was found that there was no significant dependence of the molecular alignment on the phase between the two colors of the pump pulse for CO molecule [30] . It is probably that LiH has a large molecular permanent dipole and second-order hyperpolarizability, comparing with CO. Moreover, we also show the calculated results for the case of = π in Fig. 5 . It is found that the time evolution of molecular alignment is the same as that in Fig. 2(a) but molecular orientation is just the opposite of that in Fig. 2(b) .
To demonstrate the physical mechanism of the field-free molecular alignment and orientation induced by the two-color laser pulse and the inherent physical mechanism of the same molecular alignment but opposite molecular orientation for the phase of = 0 and = π , we firstly track the population of each rotational state. It is observed that the population of rotational states established during the laser pulse remains unchanged after pulse excitation and the distributions of rotational states for the case of = 0, = 0.5π , and = π are shown in Figs. 6(a)-6(c) , respectively. Both even and odd rotational states are periodically in phase for = 0 and = π but only even rotational states line up in phase when = 0.5π after the interaction. Therefore, there is no molecular orientation for the case of = 0.5π , as shown in Fig. 4 . Thus, comparing with molecular alignment, the basic mechanism of molecular orientation is based on the creation of a rotational wave packet consisting of a superposition of even and odd rotational states in phase. If odd and even rotational states are out of phase by π , the orientation of both classes of states cancels out.
Furthermore, we calculate the time evolution of the phase for each rotational state. In Figs. 7(a) and 7(b) we show the phases ϕ of rotational states for = 0 and = π at time E of Fig. 1 , respectively. It is found that the phases for even rotation states are not changed but the phases for odd rotation states are shifted by ϕ = π , as shown in Fig. 7(c) . This is the reason why the field-free molecular alignment for = 0 are the same as that of = π . The molecular alignment and orientation is influenced by the initial rotational temperature T. Since the molecules are considered initially as an incoherent ensemble, the ensemble average of the degree of molecular alignment and orientation over the initial angular momentum states is taken as
where k B is the Boltzmann constant, T is the initial rotational temperature, and J M is the rotational wave function of the time-evolving molecule that has started the laser interaction in a state characterized by the angular quantum number J and the magnetic quantum number M. Figure 8(a) shows the maximum degree of molecular orientation cos θ max as a function of rotational temperature T, respectively. The molecular orientation reaches maximum nearby mT rot (m = 1,2,3, . . .) for all the rotational temperatures T.
Since the revolution period of rotational states departs from T rot /J due to centrifugal forces, the rate of angular dephasing will increase with the angular momentum J. Thus, the efficiency at higher temperatures is lower than at T = 0 K. However, we note that the maximal orientation does not change much from cos θ max = 0.881 at T = 0 K to 0.661 at temperatures of T = 300 K, as shown in Fig. 8(b) . Molecular alignment and molecular orientation depend similarly on temperature. In order to achieve the same degree of orientation as in the 0 K case, higher rotational states should be populated necessitating a more intense laser pulse.
We pointed out that we only choose one set of laser parameters, including wavelength, intensity, and duration. In principle, in order to achieve the maximum alignment or orientation, we could optimize all the above-mentioned parameters. The two-color control has been widely adopted in the laboratory [28, 29] . A subject for further investigation is to optimize the laser parameters or apply shaped laser fields or tailored excitation pulse sequences in order to increase the degree of orientation by two-color laser fields [40] .
IV. CONCLUSION
We theoretically study the phase-dependent field-free molecular alignment and orientation of LiH by a femtosecond two-color laser pulse. The field-free molecular alignment and orientation exhibit a dependence on the phase between the components of femtosecond two-color laser pulse. A prospect is the control of the phase as a tool to steer the field-free molecular alignment and orientation. The explanation of the physical mechanism of the field-free molecular alignment and orientation induced by the femtosecond two-color laser pulse is that the populations of rotational states remain unchanged after the irradiation of laser field and the time evolution of phases play the most crucial role in determining the time evolution of molecular alignment and orientation. For the case of = 0 and = π between the two components of the laser field molecular orientation and alignment are obtained, whereas for = 0.5π only molecular alignment is established, in which only even rotational states are populated. The molecular alignment in the case of = π is the same as that in the case of = π but orientation is different, which is due to the fact that in the case = π the phases of even rotation states remain the same but the phases of odd rotation states shift by π , comparing with that of = 0. We also investigate the effect of rotational temperature on molecular alignment and orientation and propose a method for how an efficient field-free alignment and orientation can be realized even at room temperatures. Since the present technique depends on the nonresonant process, it can be applied to various molecules. The feasibility of the present approach has also been examined and the implementation of the present technique is now in progress in our laboratory.
